For 50 years since their discovery, the malaria parasite liver stages (LS) have been difficult to analyze, impeding their utilization as a critical target for antiinfection vaccines and drugs. We have undertaken a comprehensive transcriptome analysis in combination with a proteomic survey of LS. Green fluorescent protein-tagged Plasmodium yoelii (PyGFP) was used to efficiently isolate LSinfected hepatocytes from the rodent host. Genome-wide LS gene expression was profiled and compared with other parasite life cycle stages. The analysis revealed Ϸ2,000 genes active during LS development, and proteomic analysis identified 816 proteins. A subset of proteins appeared to be expressed in LS only. The data revealed exported parasite proteins and LS metabolic pathways including expression of FASII pathway enzymes. The FASII inhibitor hexachlorophene and the antibiotics, tetracycline and rifampicin, that target the apicoplast inhibited LS development, identifying FASII and other pathways localized in the apicoplast as potential drug targets to prevent malaria infection.
drug targeting ͉ fatty acid synthesis ͉ Plasmodium M alaria, caused by intracellular Plasmodium parasites, remains a devastating disease. More than 500 million clinical cases occur each year (1) , and millions of people die in developing countries. Efforts to control malaria have been foiled by the complex biology and ecology of parasites and their Anopheline vectors, drug-resistant parasite strains (2) , and sophisticated parasite immune evasion strategies during bloodstage replication (3) . The initial asymptomatic LS of Plasmodium are considered the most promising targets for vaccines and also good targets for prophylactic drugs, because parasite numbers are limited, and successful intervention at this stage prevents infection (4) . However, despite decades of efforts, a fully protective recombinant malaria vaccine has remained elusive. The most advanced malaria vaccine, RTS/S, based on the circumsporozoite protein (CSP), conferred only limited protection against malaria infection (5) . Strikingly, however, complete and long-lasting protection against human experimental malaria infection is achievable with live attenuated parasites, which can invade hepatocytes but cannot complete LS development (6) . The antigens targeted by protective immune responses remain largely unidentified.
Because of their apparent distinct metabolism, LS are not susceptible to blood-stage antimalaria drugs such as chloroquine. One licensed drug, primaquine, targets LS but is contraindicated in pregnant women, a population with high malariarelated mortality, as well as individuals with glucose-6-phosphate dehydrogenase deficiency (7) . Furthermore, Plasmodium vivax malaria parasites can lie dormant in the liver and relapse to blood infection after months or even years and cannot be targeted by any licensed drug except primaquine (7) .
The sequencing of the human Plasmodium falciparum parasite genome (8) and rodent malaria model genomes (9, 10) , in conjunction with subsequent comprehensive gene and protein expression surveys (10-13), gave great hope that effective rational strategies for vaccine and drug target identification were achievable. However, LS remained excluded from these studies because of the insurmountable obstacles that prevented access to this rare parasite form (14) . Consequently, very little is known of the gene and protein expression during LS development. An EST library derived from laser-captured LS suggested expression of Ϸ600 genes (15) . However, laser-capture microdissection (LCM) will be difficult to apply to early LS and will not produce adequate amounts of material for proteomic analysis. Additionally, an EST library from axenically transformed sporozoites has been published (16) .
To overcome the obstacles for analyzing gene expression and protein composition of LS in their host cell environment, we have recently generated a Plasmodium yoelii rodent malaria parasite line that expresses GFP (PyGFP) during LS development, allowing efficient isolation of LS-infected hepatocytes from mouse infections using fluorescence activated cell sorting (17) . Here, we used purified LS-infected hepatocytes to conduct a direct comprehensive transcriptome and proteome analysis of the asymptomatic initial malaria parasite infection in the liver.
Results and Discussion
Comprehensive LS Gene Expression Analysis. We used an oligonucleotide (65-mer) microarray, designed based on the annotated ORFs of the rodent malaria parasite P. yoelii (9) , to analyze gene expression at three time points of LS development in vivo. LS-infected hepatocytes were obtained directly from infected mice at 24 h postinfection (pi), when the majority of LS parasites are at a small early schizont stage and have undergone two to four rounds of nuclear division (LS24); at 40 h pi, when the majority of LS parasites are at large late schizont stage and have undergone up to 13 rounds of nuclear division (LS40); and at 50 h pi, when the majority of LS parasites have commenced merozoite formation (LS50) [ Fig. 1A ; supporting information (SI) Fig. 5 ]. The gene expression of LS was compared with two mosquito stages (midgut-oocyst sporozoites and salivary gland sporozoites) and intraerythrocytic stages (mixed blood stages and blood-stage schizonts). Overall, the gene expression profiles of the three LS developmental time points were more similar to each other than to any other life cycle stage. Gene expression among LS40 and LS50 was more similar to each other than to LS24 (data not shown). The mammalian LS and intraerythrocytic stages were more similar to each other than to the mosquito-stage sporozoites, possibly reflecting differences in host environment and also in invasive vs. replicative lifestyles (data not shown). To identify genes active in LS, we considered genes that showed Ն2-fold expression level changes and a false-discovery rate threshold of 0.01 during any of the three time points of LS development when compared with the other stages assayed. Each of the three LS up-regulated Ͼ1,000 genes (Fig.  1B) ; Ϸ400 of these genes were up-regulated at all three time points, whereas Ϸ500 genes showed up-regulation in two of the three time points. In total, our analysis identified 1,985 P. yoelii genes in the LS active transcriptome, 66% of which have orthologs in P. falciparum (Table 1; SI Table 3 ). Almost half of the LS-expressed genes encoded hypothetical proteins. Many of the hypothetical genes have orthologs present in other Plasmodium species (hypothetical conserved; Table 1 ). LS up-regulated genes in each of the developmental stages examined were clustered by using a hierarchical algorithm (Fig. 1C) . Organized in this manner, a developmental series of gene expression patterns that varied mainly in the timing and the duration for which the gene was active were discerned. Within the continuous pattern of expression, four main clusters of gene expression were recognized ( Fig. 1C ; SI Table 3 ). The first cluster (I) included LS genes mainly up-regulated in LS24 compared with LS40 and LS50, but that were also expressed in the mosquito and erythrocytic stages. Cluster II encompassed genes that were mainly up-regulated at LS24. Cluster III showed most of the genes up-regulated in all three LS time points queried. The last group (IV) showed genes mainly up-regulated in LS40 and LS50.
The LS Proteome. The availability of isolated LS-infected hepatocytes enabled proteomic analysis of the Plasmodium parasite in the liver host environment in vivo. A proteome survey of Ϸ40,000 LS40-and Ϸ40,000 LS50-infected hepatocytes was carried out by using a 1D LC/MS/MS shotgun proteomic approach. A majority of the proteins detected in LS50 were also detected in LS40, so henceforth we will refer to the combined detected proteins as the LS schizont proteome ( Fig. 2A) . We identified 712 LS schizont proteins by interrogating the P. yoelii annotated protein database and an additional 104 proteins from the interrogation of the annotated protein database of the sibling species Plasmodium berghei, indicating that these proteins are likely absent from the current P. yoelii database (Table 1 and SI  Tables 4 and 5 ). More than 90% of the identified proteins in the LS schizont proteome had orthologs in P. falciparum, a much higher proportion than the 57% genome-wide orthology between P. yoelii and P. falciparum (10) . Interestingly, the proportion of hypothetical proteins in the LS schizont proteome (23%) was less than half of the proportion observed for all annotated P. yoelii proteins (53%). This possibly reflects the lower abundance of hypothetical proteins in LS and the bias of tandem mass There are 104 additional proteins, which were identified by searching against the P. berghei sequence database, but their P. yoelii orthologs were not mapped in the study. spectrometry in detecting abundant proteins with metabolic functions in the organism. Previously published comprehensive proteomic analyses of the mosquito and asexual erythrocytic and gametocytic stages of P. falciparum (12, 13) and P. berghei (10) revealed the presence of stage-specific as well as constitutively expressed proteins across the stages. The genome-wide amino acid sequence identity of the predicted proteomes (88%; ref. 10) between P. yoelii and P. berghei allowed us to compare the P. yoelii LS schizont proteome data with the P. berghei proteome data set (10) to gain a more extensive picture of the proteome of the parasite throughout its life cycle (SI Table 6 ). The LS schizont proteome showed 70% of the proteins detected had assigned P. berghei orthologs that were detected during the asexual intraerythrocytic stages of P. berghei (SI Table 6 ). This was even more pronounced for LS50, where close to 90% of the proteins were also detected in intraerythrocytic stages. The data indicate that, because the LS schizont ultimately produces the first generation of intraerythrocytic stages, it shifts protein composition toward a more erythrocytic stage-like profile. However, despite this similarity, we detected proteins that were more abundant and/or detected only in LS: Cluster P1 contained proteins with three times or higher spectral counts in LS compared with other stages, whereas cluster P2 contained proteins with one to two spectral counts in LS and not detected in any other stages (Fig. 2B) . Within clusters P1 and P2, we found 174 proteins that appear unique to LS. The remaining clusters encompassed LS-detected proteins also detected in other life stages, particularly asexual erythrocytic stages (Cluster P3, P5, and P6 in Fig. 2B) . Many of the proteins in these clusters have housekeeping functions falling into these main classes: ribosomal structure and translation components, chaperones, proteases, and metabolic enzymes. Cluster P4 included proteins mainly detected in both LS and gametocytes but not in the asexual erythrocytic stages (Fig. 2B ).
Integrative Analysis of LS. The availability of LS microarray gene expression data allowed the examination of the temporal expression of genes encoding the proteins in the LS schizont proteome. Of the 712 P. yoelii proteins identified in the LS schizont proteome, 422 corresponded to genes that were transcriptionally up-regulated at the same time points indicating almost 60% concordance (Fig. 2C) . For 401 of these LS schizont proteins, the genes encoding them were expressed in clusters III (genes up-regulated throughout LS) and IV (genes up-regulated at LS40 and LS50) (Fig. 1C) . The 246 P. yoelii LS schizont proteins for which no active gene expression was discerned were encoded by genes with constitutive expression across all stages covered in this study (data not shown). These results suggest that transcription of LS genes is tightly coupled to translation similar to what has been observed for most other stages of Plasmodium (10, 11) . A comparison between the LS transcriptome, LS proteome, and ESTs obtained through LCM of late LS reported by Sacci et al. (15) identified 136 genes present in all three data sets (SI Fig. 6 ). Overall, Ϸ50% of the 455 genes (which could be assigned to the LCM ESTs) are shared between the LCM and LS transcriptome, whereas Ϸ40% of the genes in the LCM data set encoded proteins also detected in the LS schizont proteome (SI Fig. 6 ).
We next analyzed the transcriptome and proteome data within the context of the annotated metabolic pathways and functional groupings available for P. falciparum (ref. 18 ; http:// sites.huji.ac.il/malaria). We performed statistical analysis on the functional groupings and metabolic pathways overrepresented in the LS transcriptome and proteome. The results (Table 2) indicated that translation and its ancillary processes, such as ribosome structure, translational initiation, protein synthesis, and protein translocation, were overrepresented in LS. Genes encoding RNA polymerase components were enriched in the LS transcriptome but not in the LS schizont proteome, presumably because these proteins were less abundant and harder to detect by tandem mass spectrometry. Putative proteasomal and heatshock proteins were well represented. The metabolic pathways enriched in LS include those involved in redox metabolism, the mitochondrial TCA cycle and electron transport system, and the fatty acid synthesis II (FASII) pathway (Table 2 ). These data, in combination with the functional profiles of the LS transcriptome and proteome (SI Fig. 7) , reveal that LS are highly metabolically active. Our findings support the observation that malaria parasite LS undergo one of the fastest growth rates among eukaryotic cells, likely synthesizing large amounts of protein and fatty acids required to produce tens of thousands of exoerythrocytic merozoites. Our data also show that, similar to the gametocyte stages (and unlike the asexual erythrocytic stages), mitochondrial activity was up-regulated in LS (10).
Potential LS Secretome. The Plasmodium LS is considered the most promising target for antiinfection vaccines. Radiationattenuated (6, 19) or genetically attenuated (20-23) parasites arrest in LS development and are potent elicitors of immune responses that completely protect against infection. Protection is mainly mediated by CD8ϩ T cells (23, 24) . For the most part, the protective antigens remain unknown but are likely expressed by LS, because treatment with primaquine, which disrupts LS schizogony, aborts the development of protection (25) . These proteins might be accessible to the infected hepatocyte antigen presentation machinery and might be recognized by host effec- (10) (21) were identified in the LS proteome. Hep17 is expressed in both LS and the erythrocytic stage, whereas UIS4 is expressed in salivary gland sporozoites and LS. Among the proteins identified at high abundance in LS was PY04499, a conserved hypothetical protein (PF140179) with a putative SP and TM. PY04499 appears active in LS only (data not shown). To localize the protein in LS, we performed immunofluorescence analysis on P. yoelii-infected liver sections using two independent peptide antisera against PY04499. PY04499 exhibited a circumferential staining in LS similar to Hep17, indicating it was also localized to the PV (Fig.  3 and data not shown). The anti-PY04499 antibody did not react with intraerythrocytic parasites or sporozoites in immunofluorescent studies (data not shown), indicating LS-specific expression. To date, the only LS-specific protein identified is LSA-1, a P. falciparum PV protein that is also a vaccine candidate with no rodent malaria ortholog (27) . The combined LS transcriptome and proteome data will be valuable in the selection of antigens. A previous study testing 27 proteins present in the P. falciparum sporozoite proteome identified 16 of these proteins to be highly antigenic based on stimulation of immune cells obtained from volunteers immunized with radiation attenuated sporozoites (28) . P. yoelii orthologs of two of these proteins (PY00455 and PY04544) were identified in the LS schizont proteome, whereas another two genes (PY03459 and PY00566) were present in the LS transcriptome.
LS Drug Targets.
Increased antimalarial drug resistance has made the search for new drugs a priority. Drugs targeting LS have the advantage that they provide true causal prophylaxis, preventing the erythrocytic stages and the clinical manifestations of malaria. Furthermore, LS drugs are critical to preventing relapsing infections of P. vivax hypnozoites. Primaquine remains the main licensed drug specifically used for LS (7) . It also has activity against gametocytes but not against asexual erythrocytic stages (29). The mechanism of action of primaquine is not fully known but may involve the inhibition of mitochondrial processes by toxic metabolites (29) . It is possible that the observed enrichment of proteins involved in the mitochondrial TCA and electron transport in the proteomes of LS (Table 2 ) and gametocytes (10) may account for the susceptibility of both stages to primaquine. In-depth analysis of the LS proteome revealed protein classes and metabolic pathways that are potential drug targets for malaria prophylaxis. For example, many of the annotated pro- PY04499 Fig. 3 . PY04499 is an LS-specific protein localized to the parasitophorous vacuole (PV). Immunofluorescence assay was done by using tissue sections of 44-h pi infected mouse livers. The image shows a LS schizont stained with antisera against PY04499 (green) and a monoclonal antibody against Hep17 (red). The antisera against PY04499 were generated in rabbits by using the ''KYLLLHHTNAFL'' peptide. Hepatocyte and parasite nuclei were visualized with DAPI (blue). (Scale bar, 50 m.)
teases were present in the LS transcriptome and proteome (SI Fig. 8 and SI Table 7 ). Proteases are attractive drug targets, because specific compound can be designed that fit tightly in their active site and act as strong competitive inhibitors (29) . Among the putative proteases detected in LS were falcilysin, plasmepsins, the SERA cysteine proteases, and proteases in the proteasome proteolytic pathway (SI Fig. 8 and SI Table 7) . Plasmepsin IV and falcilysin were previously implicated in hemoglobin degradation, and falcilysin more recently also in transit peptide degradation (30, 31) . LS do not use hemoglobin, suggesting that these proteases have other functions in LS. The function of SERA proteases is unknown, but the demonstration that a P. berghei ortholog of SERA 8, ECP1, was critical for sporozoite egress from mosquito midgut oocysts (32) indicates a possible role of the SERA proteins in egress of exoerythrocytic merozoites (33) . We also observed the overrepresentation of particular metabolic pathways in LS. The redox metabolism comprising the thioredoxin and glutathione systems was demonstrated to contribute to antioxidant defense and redox regulation in the erythrocytic stages (34) . A putative thioredoxin reductase (PY02397) was detected in the LS transcriptome and proteome. The active site of the P. falciparum thioredoxin reductase harbors a solvent-exposed and highly reactive redox center compared with the mammalian counterpart, thus making it a good target for development of a selective inhibitor with antimalarial activity (35) . One of the most conspicuous findings in the LS transcriptome and proteome was the specific overrepresentation of enzymes involved in fatty acid synthesis, including the FASII pathway (Table 2 ; Fig. 4A ). The FASII pathway is found in plants, prokaryotes, and Archaea, where it is responsible for the synthesis of fatty acids up to C16 and C18 that are required for membrane biogenesis (36) . In Plasmodium, the FASII pathway is localized in the apicoplast (36) . The bacterial origin of this pathway and the absence of FASII in the human host make it an excellent target for antimalarial drugs (37) . Biochemical assays and FASII inhibition studies have been done, indicating that the FASII pathway was active in P. falciparum erythrocytic stages in culture (37) . Strikingly, however, many genes and proteins in this pathway were among those we detected in the LS-active transcriptome and proteome, but which were not detected in other stages of both P. berghei (ref. 10; Fig.  4A ) and P. falciparum (12) . These results suggest that the FASII pathway is extremely active in LS and might be targeted using available FASII inhibitors. We tested hexachlorophene, a FASII inhibitor that inhibits ␤-oxoacyl-ACP reductase (FabG), for its inhibitory potential against LS (38) . Hexachlorophene inhibited LS development in vitro in a dose-dependent manner with an IC 50 of 4.8 M (Fig. 4B) . Our data suggest the FASII pathway as a drug target for malaria prophylaxis. Further studies are necessary to determine whether the FASII pathway serves an essential function in LS and in erythrocytic stages. We also tested the ability of the antibacterials rifampicin and tetracycline for their ability to inhibit LS development, because both drugs have been shown to inhibit the growth of P. falciparum erythrocytic stages by interfering with mitochondrial and/or apicoplast function (39, 40) , both of which may be important in LS. As shown in Fig. 4C , each drug inhibited LS development at similar IC 50 concentrations, indicating that they may also be used for prophylaxis.
For five decades since the discovery of malaria parasite LS, research into this most elusive stage of the complex Plasmodium life cycle has made little progress. This impeded elucidation of host-parasite interactions during the initial infection, the development of antiinfection vaccines, and the identification of novel drug targets. Our data represent previously undescribed indepth analysis of the malaria parasite LS transcriptome and proteome. The data expose the antigenic and metabolic potential of LS and therefore provide a map that will guide and accelerate future recombinant vaccine development and drug development efforts. Our work fills the last ''omics'' gap in the parasite life cycle and may lead to interventions that alleviate the enormous suffering caused by malaria.
Materials and Methods
Detailed methods and procedures are provided in SI Text.
Parasite Isolation. LS-infected hepatocytes were isolated from PyGFP-infected mice at 24, 40, and 50 h pi, as described (17) . Sporozoites from P. yoelii (17XNL)-infected A. stephensi mosquitoes were isolated from midguts at day 10 and from salivary glands at day 15 after infectious blood meal. Parasites in the erythrocytic stages were harvested from PyGFP-infected mice (5-10% parasitemia). Purified blood-stage schizonts were prepared from P. yoeliiinfected blood cultured as described (17) .
RNA Preparation and Microarray Hybridization.
Total RNA from each sample was extracted and subjected to two rounds of linear amplification. For each parasite stage analyzed, two to five independent biological replicates were obtained. Cy3-and Cy5-labeled RNA were hybridized to P. yoelii microarray slides spotted with 65-mer oligonucleotide probes. Microarray hybridization and analysis of LS active genes are described in SI Text.
Protein Extraction and Proteomic Analysis. Total protein was extracted from sorted LS-infected hepatocytes and separated on SDS/PAGE. Gel bands were cut, and in-gel trypsin digestion was performed. Mass spectra of the resulting peptides were obtained by nanoflow liquid chromatography tandem mass spectrometry (1D LC/MS/MS). The MS/MS data were searched against two sequence databases separately using the SEQUEST algorithm. One database contained annotated P. yoelii and Mus musculus protein sequences and the another annotated P. berghei and M. musculus sequences. Peptide and protein identification were done by using PeptideProphet and ProteinProphet, respectively (http://tools.proteomecenter.org/software.php).
LS Inhibition Studies.
LS inhibition studies by hexachlorophene and antibacterials were carried out in vitro by using HepG2:CD81 cells infected with PyGFP parasites. PyGFP LS infection and host cell viability were simultaneously determined by using flow cytometry analysis. IC50, the inhibitor concentration at which LS parasite growth was reduced by 50% compared with untreated LS infections, was estimated from four independent experiments.
